Implantation of an embryo in the endometrium is a critical step for continuation of pregnancy, and implantation failure is a major cause of infertility. In rats, the implantation process involves invasion of the endometrial epithelial lining by the trophoblastic cells in order to reach the underlying stromal cells. Transforming growth factor beta (TGFB) is a multifunctional cytokine that regulates proliferation, differentiation, and invasiveness of multiple cell lineages. We used rat HRP-1 and RCHO-1 placental cell lines to perform this study. HRP-1 cells were derived from midgestation chorioallantoic placental explants of the outbred Holtzman rat, whereas RCHO-1 cells were established from a rat choriocarcinoma. MTT proliferation assays revealed that each TGFB isoform decreased HRP-1 cell growth in a dose-dependent manner, whereas RCHO-1 cells were resistant to the growth-suppressive effect of TGFB1 and TGFB3. Only TGFB2 reduced RCHO-1 cell proliferation. Activation of ERK, MAPK14 (p38 MAPK), or SMAD pathways is known to play a role in cell proliferation, and we found that TGFB activates these pathways in both HRP-1 and RCHO-1 cells in an isoform-specific manner. MTT proliferation assays revealed that ERK pathway is partially implicated in TGFB3-reduced HRP-1 cell proliferation. Hoechst nuclear staining and caspase-3 cleavage demonstrated that TGFB isoforms failed to induce apoptosis in both cell lines. Matrigel invasion assays showed that both HRP-1 and RCHO-1 cells exhibit intrinsic invasive ability under untreated conditions. The capacity of HRP-1 cells to invade the Matrigel was selectively increased by TGFB2 and TGFB3, whereas all TGFB isoforms could increase the invasiveness of RCHO-1 cells. These important functional studies progressively reveal a key role for TGFB in regulating proliferation and invasiveness of placental cells.
INTRODUCTION
Implantation of the endometrium is the process during which the embryo attaches and invades the mother endometrium. Trophoblast cells, which form the placenta, are responsible for endometrial invasion. Trophoblast cell invasion of the uterus is essential for the maintenance of the pregnancy, and this is a very temporally and spatially regulated process. Some factors, such as cytokines, growth factors, and hormones produced by the uterus during pregnancy or by trophoblast themselves [1, 2] , are suspected of being responsible for this regulation, and other factors are still undetermined.
Transforming growth factor bs (TGFBs) are members of a large superfamily of cytokines that includes activins, inhibins, bone-morphogenic proteins, and others [3] . In mammals, TGFB exists in three isoforms, called TGFB1, TGFB2, and TGFB3, encoded by three different genes [4] . TGFB is known to regulate a variety of cellular functions, including cell proliferation, differentiation, apoptosis, migration/invasion, matrix synthesis, and the immune response [5] [6] [7] . TGFB initiates these processes by binding to specific cell surface receptors with intrinsic serine/threonine kinase activity, designated TGFB receptor (TGFBR) types 1, 2, and 3 [8] . Upon binding with the ligand (TGFB), TGFBR3 phosphorylates and activates TGFBR1, which, in turn, will induce SMAD2 or SMAD3 phosphorylation. Phosphorylated SMAD2/SMAD3 associates with SMAD4 to form a heterodimeric complex. This complex then translocates to the nucleus, where it acts as a transcription factor for various genes [9] . In addition to the SMAD pathway, various signaling pathways, such as PIK3 and MAPK (MAPK14, MAPK3/1, and MAPK8) are activated by TGFB in different cell lines [10] . Activation of these pathways has been shown to play an important role in growth factor-dependent regulation of trophoblast growth differentiation, invasion, and migration [11] .
Although it has been shown that TGFB isoforms are present in the uterus during pregnancy [12, 13] , little information is available about the specific effect of each isoform in trophoblast cells. It is known that successful invasion of the maternal vascular system by trophoblast cells is a prerequisite for the establishment of a normal placenta and continuation of pregnancy. Previous studies also suggest that TGFB could play a crucial role in the invasion of trophoblastic cells [14] [15] [16] . However, the mechanisms of action through which it exerts its effect are still poorly understood. Rat and mouse models have provided valuable insights into the molecular mechanisms that occur during trophoblast differentiation and invasion; however, these models do not necessarily translate to the human, because of different reproductive physiology [17] . The present study offers the rationale for investigating the effect of each TGFB isoform to activate signaling pathways and to modulate the proliferation and invasion of two rat placental cell lines: HRP-1 cells, which were derived from a normal midgestation chorioallantoic placenta [18] , and RCHO-1 cells, which were established from a choriocarcinoma [19, 20] . The results from the present study suggest the involvement and the importance of TGFB in the invasion of rat placental cell lines.
MATERIALS AND METHODS

Cell Lines and Reagents
Established placental HRP-1 [18] and RCHO-1 [19, 20] cells were maintained in RPMI 1640 medium, supplemented with 20% fetal bovine serum (heat inactivated), 100 lg/ml penicillin-streptomycin, 1 mM sodium pyruvate, and 50 lM 2-mercaptoethanol. TGFB1 and TGFB2 were purchased from Biosource (Invitrogen), and TGFB3 was from Calbiochem (San Diego, CA). All of the antibodies were from Cell Signaling Technology (Beverly, MA), except for the anti-rabbit secondary antibody (Bio-Rad) and anti-b-actin antibody (Sigma, St. Louis, MO). PD98059 (MAP2K1 [MEK1] inhibitor) was purchased from Cell Signaling Technology and SB431542 (specific TGFBR inhibitor) was from Sigma. These inhibitors were reconstituted in dimethyl sulfoxide.
RNA Isolation and Analysis
Total RNA was isolated from cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. First-strand cDNA was synthesized from 0.4 lg of RNA using Moloney murine leukemia virus reverse transcriptase (Invitrogen). Primers for PCR amplification are listed in Table 1 . PCRs were conducted in an MJ Research Thermal cycler (model PTC-100) using the following conditions: 30 sec at 948C, 30 sec at melting point temperature (Table 1) , and 1 min at 728C for 36 cycles, except for GAPDH (25 cycles). The reaction mixture was size separated on an agarose gel and visualized using SYBR-Safe (Invitrogen) staining upon ultraviolet transillumination.
Western Blot Analysis
Cells were washed with PBS and submitted to lysis in cold radioimmune precipitation assay buffer (13 PBS [pH 7.4]; 1% Nonidet P-40 0.5% sodium deoxycholate; 0.1% SDS) containing protease inhibitors (Complete from Roche Applied Science), followed by three freeze-thaw cycles. Homogenates were centrifuged (13 000 rpm for 20 min at 48C) to remove insoluble material. The supernatant was recovered and stored at À208C until further analysis. Equal amounts of cell lysates (as determined using Bio-Rad DC protein assay) were separated onto 8% polyacrylamide gels and then transferred onto nitrocellulose membranes (Bio-Rad). The membranes were blocked with 5% bovine serum albumin in PBS with 0.05% Tween 20 for 1 h at room temperature, probed with primary antibody, washed in PBS with 0.05% Tween 20, and incubated with horseradish peroxidase-conjugated secondary antibody (Bio-Rad). Detection was performed using SuperSignal West Femto substrate (Pierce), as described by the manufacturer. Signal was visualized using the Biochemi Imaging System (UVP). Densitometric analyses were performed (protein of interest and b-actin) using Quantity One software (Bio-Rad). Results are expressed as a ratio (protein of interest:b-actin) to correct for loading for each sample.
MTT Proliferation Assay
Cells were plated in 96-well plates at a density of 7 3 10 3 cells/well for HRP-1 cells and 8.5 3 10 3 cells/well for RCHO-1 cells in 180 ll of culture medium and incubated overnight at 378C in a 5% CO 2 atmosphere, after which they reached 50% confluence. Recombinant TGFBs were added to selected wells at the indicated concentrations in 100 ll culture medium, and plates were incubated for the indicated times at 378C. MTT reagent (tetrazolium salt; Sigma) was added to the wells (10 ll of a 0.5% solution in PBS) 3.5 h before the end of the incubation period, after which conversion of yellow tetrazolium salt to blue thiazol crystals by metabolically active cells was stopped by adding 100 ll of 10% SDS, 0.1% HCl in PBS solution to each well. The plates were incubated overnight at 378C to allow complete solubilization of thiazol crystals, and the intensity of blue emission in each well was measured using a FluoStar multiwell plate reader (BMG Laboratories, Durham, NC). The percentage of proliferating cells was calculated as the ratio of optical densities of treated to nontreated (control) cells.
Hoechst Nuclear Staining
The treated cells were collected, washed twice in 13 PBS, resuspended at an approximate density of 2 3 10 5 cells/ml in PBS containing Hoechst 33258 (Sigma), and incubated for 24 h at 48C before fluorescence microscopy analysis of apoptotic cells. At least 200 cells were counted for each sample, and a percentage of apoptotic cells was calculated as the ratio of apoptotic cells (with characteristic apoptotic morphology, such as nuclear shrinkage and condensation) to total cell count.
Matrigel Invasion Assay
The invasive properties of TGFB-treated HRP-1 and RCHO-1 cells were measured using Matrigel-coated Transwell inserts (Costar, Corning, NY). Briefly, Transwell inserts with an 8-lm pore size were coated with 2 mg/ml Matrigel, and the cells were collected after 24 h of treatment, washed, and resuspended in basal medium without serum. The lower chambers were filled with 700 ll of culture medium, and 1 3 10 5 treated cells were added to the upper chamber inserts. The plates were incubated for 48 h at 378C. After the incubation period, noninvading cells were removed from the top of the Matrigel using a cotton swab. Cells that had reached the filter by degrading the Matrigel were fixed in methanol, washed, and stained with Hoechst. The filter was then removed and mounted on a glass slide with invasive cells facing up, and submitted for densitometric analysis using Quantity One software. Results are expressed as a ratio (invasive, treated cells:invasive, nontreated cells) to show the fold increase in invasion for each treatment.
Statistical Analysis
All the experiments were repeated at least three times. Results subjected to statistical analysis were expressed as means 6 SEM. Data were subjected to one-way analysis of variance (PRISM software version 3.03; GraphPad, San Diego, CA). Differences between experimental groups were determined by post hoc Student-Newman-Keuls test. Statistical significance was accepted at P , 0.05.
RESULTS
TGFB Isoforms and Their Receptors Are Expressed by Both HRP-1 and RCHO-1 Trophoblast Cells
We examined whether HRP-1 and RCHO-1 rat placental cell lines express TGFB isoforms and their receptors. The results show that these cell lines express TGFBR1 and TGFBR2 at both transcript and protein levels (Fig. 1A) . At the transcript level, TGFB1 was found only in RCHO-1 cells, whereas TGFB3 was found in both cell lines. However, TGFB2 was not detected in either of the placental cell lines used in the present study (Fig. 1B) . As mentioned previously, the TGFB signaling pathway involves phosphorylation and thereby activation of SMAD proteins. In the present study, total levels of SMAD2, SMAD3, and their phosphorylated forms (pSMAD2 and pSMAD3) were determined in HRP-1 (Fig. 2, A and B) and RCHO-1 cells (Fig.  2, C and D) by Western blot analysis. The results show that both cell lines have high levels of total SMAD2 as compared with total SMAD3, and the levels of total SMAD2 remain unchanged with TGFB treatment in HRP-1 and RCHO-1 cells. Furthermore, there was no effect on the levels of total SMAD3 in HRP-1 cells. However, the levels of SMAD3 were undetectable in RCHO-1 cells with the antibody used. We observed a similar increase in the phosphorylation of SMAD2 in both cell lines in response to all the TGFB isoforms. SMAD3 was also found to be phosphorylated in both cell lines in the presence of TGFB.
In addition, we examined whether ERK and MAPK14 signaling pathways could be triggered by TGFB isoforms in both model cell lines. Results show an increase in the phosphorylation of pERK and pMAPK14 by TGFB1 in HRP-1 and RCHO-1 cells (Fig. 3) . TGFB2 and TGFB3 also activated MAPK14 and ERK signaling pathways in a similar manner (data not shown). Therefore, all three TGFB isoforms have the ability to phosphorylate, and thus activate, the SMAD, ERK, and MAPK14 signaling pathways in both HRP-1 and RCHO-1 cells.
Effect of TGFB on HRP-1 and RCHO-1 Cell Growth
We compared the growth-inhibitory effects of TGFB isoforms on each cell line using the MTT proliferation assays. We found that TGFB has a growth-suppressive effect on HRP-1 cells (Fig. 4A, 24 h; Fig. 4B, 48 h) . It was observed that cell growth was inhibited by all TGFB isoforms, and TGFB2 showed the highest inhibitory activity. On the other 
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hand, no such growth-inhibitory effect was observed in RCHO-1 cells with TGFB1 and TGFB3 treatments, while TGFB2 had a slight but significant inhibitory effect (Fig. 4C,  24 h; Fig. 4D, 48 h ).
SMAD Pathway Is Not Implicated in HRP-1 Cell Proliferation, While ERK Pathway Is Partially Implicated in TGFB3 Action
In order to investigate which particular pathway is involved in the growth-inhibitory effects of TGFB isoforms, we pretreated HRP-1 cells for 1 h with SB431542, a specific TGFBR inhibitor, or PD98059, a MAP2K1 inhibitor, and cell proliferation was monitored using MTT proliferation assays. After a pretreatment with SB431542, TGFB isoforms still showed a growth-suppressive effect on HRP-1 cells, indicating that the SMAD pathway is probably not responsible for the inhibition of cell proliferation (Fig. 5A) , in spite of the fact that SMAD2 and SMAD3 were found to be activated with TGFB treatment. On the other hand, we found that PD98059 partially reversed TGFB3-induced growth suppression in HRP-1 cells after a 48-h exposure (Fig. 5B) . To confirm the efficiency of pathway inhibition, pSMAD2 and pERK were both measured. It was observed that the levels of pSMAD2 and pERK decreased in the presence of SB431542 and PD98059, respectively (data not shown).
TGFB Isoforms Are Unable to Trigger Apoptosis
In order to determine if the growth inhibitory effect of TGFB on HRP-1 and RCHO-1 cell growth was due to increased apoptosis, we stained cells using Hoechst nuclear staining following TGFB treatment. There was no significant increase in the apoptosis of HRP-1 (Fig. 6A ) and RCHO-1 (Fig. 6B) 
TGFB Increases HRP-1 and RCHO-1 Cell Invasion
We next tested the effect of TGFB isoforms on the invasiveness of HRP-1 and RCHO-1 cells using the Matrigel invasion assay. HRP-1 cells exhibited low intrinsic invasive properties, but invasiveness was selectively increased with TGFB2 and TGFB3 treatment (Fig. 7A) . RCHO-1 cells also exhibited low intrinsic invasive properties, but all three TGFB isoforms could induce cell invasion (Fig. 7B) .
DISCUSSION
Trophoblast cells undergo various differential stages, including proliferation, differentiation, and migration/invasion, in order to guarantee successful placental development. During these phases, trophoblast cells are constantly exposed to the uterine fluid, which is rich in growth factors, cytokines, and hormones [21] . These molecules play a role in regulating trophoblast differentiation along the invasive pathway in both an autocrine and a paracrine fashion. Signaling cascades initiated by the aforementioned stimuli need to be precisely coordinated and integrated at all times. Because different isoforms of TGFB are expressed by the uterus during pregnancy [13] , and several studies suggest that TGFB has a role to play in the invasion of the endometrium by the trophoblast [14, 15, 22] , we sought to explore the role of each TGFB isoform on their ability to regulate placental cell invasion. This is the first report to demonstrate that the three TGFB isoforms can increase invasiveness of placental cells: TGFB2 and TGFB3 increase the invasiveness of HRP-1 cells, while RCHO-1 invasiveness is increased by all three TGFB isoforms.
In the rat and mouse, trophoblast cells located at the maternal interface achieve a unique phenotype, and are referred to as trophoblast giant cells. These cells arise from precursors by a process referred to as endoreduplication, and possess endocrine activities and the potential for invasion [23] [24] [25] . Trophoblast giant cells express and secrete MMP9, and have been shown to be involved in the induction of the invasive phenotype of RCHO-1 cells [26] . Thus, RCHO-1 cells are a well-described model to study trophoblast cell differentiation [27, 28] , and the current results support the hypothesis that TGFB isoforms might be important factors involved in this process. TGFB signaling occurs through the interaction of TGFB with two different types of serine/threonine kinase receptor: type I and type II. First, we assessed the transcript levels of TGFBR and endogenous TGFB in HRP-1 and RCHO-1 cells. The present data indicate that both HRP-1 and RCHO-1 cells express TGFBRs and TGFB isoforms. Furthermore, the results suggest a possible autocrine and/or paracrine action for TGFB in rat placental cell lines. Therefore, these cells offer an excellent model to study the impact of TGFB isoforms on the regulation of placental cell invasion during the implantation process and/or later in pregnancy.
SMAD proteins are downstream effectors of the TGFB superfamily [29] . To test whether TGFB modulates SMAD activation through phosphorylation in placental cells, we treated HRP-1 and RCHO-1 cells with different TGFB isoforms. Our results show that, upon TGFB treatment, SMAD2 and SMAD3 were phosphorylated, suggesting that the TGFB pathway is active in these cells. We highlighted FIG. 6 . TGFB has no effect on apoptosis in either HRP-1 or RCHO-1 cells. The apoptotic effect of TGFB isoforms on HRP-1 (A) and RCHO-1 (B) was determined by treatment with 0, 0.1, 1, and 10 ng/ml TGFB isoforms for 24 h, followed by nuclear staining with Hoechst dye. Apoptotic and nonapoptotic cells were counted under a fluorescence microscope. The results are presented as the mean 6 SEM of three independent experiments. *P , 0.05.
FIG. 7.
Invasiveness of placental cells is selectively increased by TGFB isoforms. The effect of TGFB isoforms (1 ng/ml) on the invasive capacity of HRP-1 (A) and RCHO-1 (B) cells was determined using the Matrigel invasion assay. The results are presented as the mean 6 SEM of three independent experiments, each performed in duplicate. *P , 0.05 compared to untreated cells.
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earlier the importance of the SMAD pathway in TGFB-induced cellular invasiveness in endometrial cancer cells [30] . It is logical to suggest that a similar pathway could be involved in the increased invasiveness of trophoblast cells.
Given the fact that MAPKs regulate almost all cellular activities, it is therefore not surprising that these enzymes also control cell invasion/migration. Moreover, TGFB activates non-SMAD pathways, including the three distinct MAPK pathways: the ERK, MAPK8 (c-Jun N-terminal kinase), and MAPK14 kinase pathways [31] [32] [33] . The results of the present study also show that, upon TGFB treatment, ERK and MAPK14 pathways were triggered in the form of increased phosphorylation. These pathways were previously shown to regulate migration in different cell types using multiple mechanisms, including phosphorylation of the focal adhesion adaptor paxillin [34] , activation of myosin light chain kinase [35] , upregulation of MMP9 [36] , and processing of MMP2 [37] . As both cell lines (HRP-1 and RCHO-1) express endogenous TGFB, this could explain why SMAD2, MAPK14, and MAPK3/1 (p44/42) are constitutively phosphorylated in these cells.
We further examined the effect of TGFB isoforms on HRP-1 and RCHO-1 cell growth. MTT proliferation assays revealed a growth-suppressive effect on HRP-1 placental cell lines. In a previous report, TGFB1 was shown to be able to reduce RCHO-1 cell proliferation after 8 days of culture [38] . Previously, members of the Src family kinases were found to be involved in human trophoblast differentiation [39] . In the current study, although we could see a trend toward growth inhibition, we did not see a significant inhibitory effect of either TGFB isoform at the same dose used in the previous study, and this may be explained by the short exposure time (48 h) to TGFB isoforms. It is well known that trophoblast cells differentiate into extravillous trophoblasts in order to invade the endometrium. Moreover, inhibition in cell proliferation and apoptosis is a prerequisite for any cell to differentiate. Given the timing of trophoblast invasion in rats, which is between Day 6 and Day 7, the growth-inhibitory effect of TGFB on trophoblastic cells in our study suggests that this differentiation process could be more pronounced with TGFB treatment. A longer period of treatment with TGFBs is probably necessary to induce a significant growth inhibition. In order to verify whether apoptosis is involved in this phenomenon, we performed Hoechst nuclear staining and caspase 3 cleavage measurements, and our results show that TGFB isoforms were unable to trigger apoptosis. In a previous study, we reported the growth-suppressive effect of TGFB in endometrial cells [30] . The latter study highlighted the involvement of XIAP in the growth inhibitory effect of TGFB; nonetheless, this study supports our current findings that TGFB could be involved in inhibiting trophoblast cell growth.
Over the years, TGFB isoforms have been widely studied in association with cancer progression and metastases [40, 41] , but there is limited information on their role in trophoblast invasion. Our results show that TGFB2 and TGFB3 increase the invasiveness of HRP-1 cells, while RCHO-1 invasiveness was not influenced by TGFB isoforms. Indeed, we have previously reported that TGFB isoforms differ in their ability to regulate invasive behavior, as only TGFB3 could increase the invasiveness of endometrial cancer cells [30] . This is, however, the first evidence of an increased invasive phenotype of placental cells that is induced by TGFB isoforms. In contrast, others have reported an inhibition of trophoblast cell invasion by TGFB isoforms [14, 42] . This discrepancy could be well explained by the fact that these authors used a lower dose of TGFB to treat the trophoblast cells. Furthermore, in those studies, the trophoblast cells were derived from placental explants obtained from humans, and the difference could arise from species specificity, as reviewed in Ref. 17 . During implantation in rats, the luminal epithelium forms an invagination to surround the trophoblast, whereas, in humans, interstitial implantation occurs where the trophoblast passes through the luminal epithelium to invade the endometrial stroma and to become imbedded in the wall of the uterus.
In conclusion, this study suggests, for the first time, that not only do the isoforms of TGFB have a different role on the ability to induce trophoblast invasion, but they also activate the cellular signaling pathways, such as SMAD, ERK, and MAPK14, in these two placental cell lines. Further studies are needed to determine the impact of SMAD, ERK, and MAPK14 pathway in trophoblast and placental cell invasion. This study also provides evidence that the RCHO-1 cell line is a valuable model for studying trophoblast invasion in vitro, and further analyses are required to determine the molecular mechanisms involved in TGFB-regulated invasion. The HRP
